SUMMARY. Papillary muscles were mounted in a three-compartment bath. The tip of the muscle was exposed to hypoxic and glucose-free solution. The other parts of the preparation were superfused with Tyrode's solution, building a free-flow border between hypoxic and normoxic superfusates. The normoxic part of the bath was subdivided by a rubber membrane so that current pulses could be applied between segments of the preparation. Signs of electrotonic interaction between nonnoxic and hypoxic parts were observed a few minutes after the onset of hypoxia. Transmembrane action potentials in the normoxic part retained their plateau, but progressively shortened. Those in the hypoxic tip showed an early phase of rapid repolarizan'on followed by a plateau phase near the resting potential. Terminal repolarization in the two parts coincided for many minutes. After 35 minutes, fast propagated activity ceased in the tip and was replaced first by conducted slow responses, then by decremental conduction. At 50 minutes, cells near the borderline had resting potentials of either -76 ± 7 mV (SD, n = 9) in normoxic tissue or -16 ± 3 mV (SD, n = 9) in hypoxic tissue. Concurrently, subthreshold potentials no longer appeared to spread into the tip. Unipolar electrograms remained diphasic over the normoxic part but lost their negative deflection near the borderline, implying the absence of axial current flow into the hypoxic part. Furthermore, electrotonic potentials generated by current flow across the rubber membrane did not spread beyond a line of demarcation. Reduced nicotinamide adenine dinucleotide fluorescence increased in the hypoxic part, and appeared to correlate with the development of electrical decoupling. It is concluded that decoupling progresses gradually, but eventually results in a sharp borderline between regions of normoxic and hypoxic superfusion. (Circ Res 56: 876-883, 1985) 
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From the Department of Physiology, University of Berne, Berne, Switzerland SUMMARY. Papillary muscles were mounted in a three-compartment bath. The tip of the muscle was exposed to hypoxic and glucose-free solution. The other parts of the preparation were superfused with Tyrode's solution, building a free-flow border between hypoxic and normoxic superfusates. The normoxic part of the bath was subdivided by a rubber membrane so that current pulses could be applied between segments of the preparation. Signs of electrotonic interaction between nonnoxic and hypoxic parts were observed a few minutes after the onset of hypoxia. Transmembrane action potentials in the normoxic part retained their plateau, but progressively shortened. Those in the hypoxic tip showed an early phase of rapid repolarizan'on followed by a plateau phase near the resting potential. Terminal repolarization in the two parts coincided for many minutes. After 35 minutes, fast propagated activity ceased in the tip and was replaced first by conducted slow responses, then by decremental conduction. At 50 minutes, cells near the borderline had resting potentials of either -76 ± 7 mV (SD, n = 9) in normoxic tissue or -16 ± 3 mV (SD, n = 9) in hypoxic tissue. Concurrently, subthreshold potentials no longer appeared to spread into the tip. Unipolar electrograms remained diphasic over the normoxic part but lost their negative deflection near the borderline, implying the absence of axial current flow into the hypoxic part. Furthermore, electrotonic potentials generated by current flow across the rubber membrane did not spread beyond a line of demarcation. Reduced nicotinamide adenine dinucleotide fluorescence increased in the hypoxic part, and appeared to correlate with the development of electrical decoupling. It is concluded that decoupling progresses gradually, but eventually results in a sharp borderline between regions of normoxic and hypoxic superfusion. (Circ Res 56: 876-883, 1985) TRANSFORMATIONS in the border zone between surviving and perishing cardiac cells often are studied with whole hearts after ligation of a coronary artery (for references, see Janse and Kleber, 1981) . The use of isolated muscles offers a less complicated geometrical arrangement to study propagated activity and passive electrical interaction during such a course of demarcation. However, this does not imply that a truly ischemic state exists within such an in vitro preparation as when metabolites, potassium ions and carbon dioxide accumulate. Nevertheless, some of the mechanisms resulting in progressive decoupling are generally thought to be common to both of these interventions with metabolism (Fozzard, 1975) . Superfusion of isolated cat papillary muscles with hypoxic solutions reversibly shortens the monophasic action potential (Trautwein et al., 1954) . In addition, hypoxia decreases electrical coupling between cardiac cells (Bredikis et al., 1976) , contributing to the eventual failure of impulse conduction (Wojtczak, 1979) . The present work deals with the time course of decoupling between a normoxic and a hypoxic region and provides evidence for the eventual isolation of surviving cells from their perishing neighbors.
Methods
Hearts were excised from ferrets or guinea pigs after halothane or ether anesthesia. Papillary muscles from the right ventricle were mounted in a double chamber, as shown in Figure 1 . Their diameters ranged from 0.6-1.1 mm. The two compartments were separated by a 0.64-mm thick rubber membrane with a punched hole of a diameter that gently compressed the muscle. The preparations were stimulated by 20-fisec pulses at 3/sec through bipolar electrodes touching the base of the papillary muscle (upper chamber in Fig. 1 ). Activity propagated toward the tip (the end in which the chordae tendineae are inserted). Subthreshold square pulses of constant current, usually 30 msec in duration, were applied between the two compartments. The rubber membrane forced part of the current to enter and leave the inside of the fibers. Pulses of direct current depolarized the basal part and hyperpolarized the tip. All the electrical recordings were taken from the part of the bundle within the lower chamber. Membrane potentials were recorded between a bath ground (not shown in Fig. 1 ) and either one or two intracellular microelectrodes. Length constants were obtained from semi-logarithmic plots of the spatial decay of electrotonic potentials away from the rubber membrane (Weidmann, 1952; Kamiyama and Matsuda, 1966 ).
Tyrode's solution had the following composition (mM: NaCl, 137; KC1, 5.4; NaHCO,, 11.9; CaCU, 1.8; MgClj, 0.5; NaH 2 PO 4 , 0.4; glucose, 20. It was gassed with 95% O 2 and 5% CO 2 (pH 7.2) and warmed to 35°C.
The preparations were kept in normoxic solution for at least 1 hour before action potentials were recorded at several points along the papillary muscle in the lower half-chamber. Only those preparations demonstrating a uniform action potential duration were employed for fur-N2/CO, Gj/N, FIGURE 1. Plastic double-chamber held in a rigid frame. The two parts were pressed against a rubber membrane (RM) by two screws, and the assembly was mounted into the cover of a thermostatically controlled bath. The tip of the papillary muscle was pulled from the upper part into the lower part of the chamber through a hole punched into the rubber membrane. The muscle within the lower chamber could be superfused partly by Tyrode's solution with a high glucose concentration ( G M / O^ section P) and partly by hypoxic and glucosefree solution through tube T CG0/N2; stippled region). Back diffusion of atmospheric Oi into hypoxic solution was prevented largely by the counterflow ofN 2 through an outer polyethylene tube. Constant levels of the fluids were maintained by suction (S). Electrical connections are described in the text.
ther experimentation. Papillary muscles from 17 guinea pigs and 21 ferrets were used.
After control data had been collected, the region of the muscle closest to the tendon (Fig. 1, stippled area) was superfused by glucose-free Tyrode's solution aerated with 95% N 2 and 5% CO 2 . This gas mixture contained less than 0.1% O2 as determined by gas chromatography (Carba Ltd. Beme). The P02 of the superfusate was less than 10 mm Hg as measured by polarography (Beckmann model 0260 oxygen analyzer). The flow rates of the hypoxic and normoxic solutions were 0.5 ml/min and 4 ml/min, respectively. A sharp division between the freely flowing solutions was visualized when India ink was added to the hypoxic solution ( Fig. 1 , dashed lines). The position of this limit varied by no more than ±50 /im during an experiment.
In eight additional experiments, the process of demarcation was followed by observing changes of the epifluorescence of reduced nicotinamide adenine dinudeotide (NADH) (Chapman, 1972) . Incident light was delivered by a high-pressure Hg vapor light source (Leitz HBO, 200 W) with two quartz lenses and a transmission filter for UV light (UG 1). The surface of the muscle was observed through a Kodak 2C Wratten filter and a Wild M400 stereomicroscope at 50-fold magnification. Quantification of NADH fluorescence in superfused bundles with a gradient of P02 from the surface to the core would be of little additional value.
Results
Electrotonic Interaction between Normoxic and Hypoxic Fibers
Action potentials of guinea pig papillary muscles typically show a distinct plateau (Fig. 2 ). This plateau is lost and the action potentials become short and triangular when a papillary muscle is deprived of O 2 (Trautwein et al., 1954) . Concomitantly, surface membrane resistance decreases (Vleugels et al., 1980) . These changes also were observed in the present series of experiments after 10 minutes of global hypoxia (not illustrated). When only part of the preparation in the lower half-chamber was superfused by hypoxic solution, there were the expected signs of electrotonic coupling. Figure 2b shows simultaneous records taken after 10 minutes of localized hypoxia. The microelectrodes were positioned about 0.5 mm on both sides of the borderline, as indicated in Figure 1 . It is noteworthy that, whereas the action potentials in both regions had the same duration, the levels of the plateau differed greatly. The normoxic action potential, 160 msec in duration before introduction of hypoxia ( Fig. 2a) , shortened to 130 msec but retained its general shape (Fig. 2b) . The hypoxic action potential, after a phase of rapid repolarization, showed a prolonged but depressed plateau preceding final repolarization (Fig. 2b) . Control resting potentials averaged -76 ± 7 mV (SD, n = 9). In the hypoxic region, only minor depolarization occurred over the first 25 minutes of hypoxia (<8 mV). However, the resting membrane potential consistently became more negative (by as much as 6 mV) immediately preceding the loss of propagated activity. Although there is no clear explanation, this may be related to the transitory improvement of excitability noted previously under conditions of ischemia (Scherlag et al., 1974; Jdeber et al., 1978) . When the resting potential in the hypoxic region had dropped to -60 mV, action potentials no longeT exhibited a rapid phase of depolarization. Invading action potentials produced 'slow responses" of the kind described by Wit et al. (1972) , with a threshold near -35 mV. Their amplitudes depended critically upon stimulation frequency ( Fig. 3 ; see also Wojtczak, 1979) . The subsequent events are illustrated in Figure 4 . At 35 minutes, propagated activity ceased within the hypoxic region. Only small amplitude potentials exhibiting spatial decrement ('electrotonic humps") remained. As long as decremental conduction persisted, reoxygenation resulted in recovery of excitability and action potentials of a normal configuration. This does not mean that full recovery from the hypoxic state could be achieved. Other parameters were not measured that indicate recovery of normal function, notably contractile strength.
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A Biochemical Correlate of Hypoxia
The fluorescence of reduced nicotinamide adenine dinucleotide (NADH) is known to be a sensitive indicator of mitochondrial oxygen concentration. NADH has an absorption maximum at 340 nm and an emission peak at 463 nm (Jobsis, 1964) . The equilibrium between NAD + and NADH is shifted in favor of the fluorescent NADH when the oxygen concentration falls from 10~* to 10~8 mol/liter (Chance, 1976) . With a solubility coefficient of 0.02 ml O 2 /ml of solution at 37°C (Mahler, 1978) , this range corresponds to O 2 tensions of 1.0-0.01 mm Hg. Prolonged hypoxia and tissue degradation activate a glucohydrolase which irreversibly breaks down NAD + into adenine nucleotide (Klein et al., 1981) . Thus, it seemed pertinent to explore the temporal correlation between the electrical events and NADH fluorescence under the conditions of the experiments.
Uniform autofluorescence was observed when both parts of the bundles were in well-oxygenated solution. This was attributed mainly to NADH. As judged by eye, the intensity of this fluorescence did not change markedly in the part of the bundle remaining well oxygenated. However, increasing brightness of fluorescence developed in the hypoxic region, starting at 5 minutes and peaking at approximately 18 minutes after withdrawal of O 2 and glucose (Fig. 5) . The maximum fluorescence along the muscle did not coincide with the limit demarcated by India ink, but instead was clearly located within the hypoxic region, approximately 300 /xm from the borderline. At the end of 2 hours, the hypoxic part was electrically unresponsive and the light intensity from the area of peak fluorescence now was distinctly less than control. The demarca- tion was extremely sharp (transition zone <100 /xm) and coincided with the region marked by India ink (see Fig. 5 ).
The State of Electrical Demarcation
Complete demarcation as judged by several criteria was reached between 50 and 90 minutes. Resting potentials lacked intermediate values between -76 ± 7 mV in the normoxic and 16 ± 3 mV (mean ± SD) in the hypoxic region. Cessation of all signs of electrotonic coupling within the hypoxic region was accompanied by reprolongation of action potentials in the normoxic region (Fig. 6) .
Unipolar electrograms recorded between an indifferent electrode in the bath and an extracellular roving microelecrrode touching the surface of the preparation allowed qualitative assessment of local circuit currents (for references, see Spach et al., 1971) . Biphasic potentials would be expected as long as longitudinal current is arriving at and then departing from the microelecrrode. Figure 7 indicates that indeed this was observed over the normoxic part of the muscle. However, only the positive deflection persisted, whereas the negative deflection was lost in the border region between hypoxic and normoxic muscle. Figure 8 provides further evidence that high-resistance junctional membranes form at the borderline between normoxic and hypoxic tissue. The amplitude of intracellular voltage changes along the preparation was measured by applying subthreshold pulses of constant current across the rubber membrane. As expected, the spatial decay in normal Tyrode's solution could be fitted by an exponential, the average space constant (X) being 780 ± 70 urn (n = 11) in ferret papillary muscle. With complete hypoxic demarcation, the voltage amplitude within the normoxic region near the borderline approached a constant value, indicating that little or no current passed from the normoxic region into the hypoxic section.
It should be mentioned that the same value of X (0.67 mm) was used to draw both curves of Figure  8 . An exponential equation nicely fitted the data (unfilled circles), while the line fitted to the filled circles was drawn on the assumption (Jack et al., 1975; Eq. 4.10) that an infinite resistance terminated the cable at a distance of 0.53 mm (or 0.79 X). By definition, X is ^m/iv where r m is membrane resistance times unit length and TJ is internal longitudinal resistance per unit length. Since X remained unchanged, it may be assumed that neither the membrane resistance nor the junctional resistance changed within the normoxic part as a result of demarcation. Figure 9 shows the time course of electrotonic potentials at a distance of 0.22 mm (or 0.33 X) from the rubber membrane (same experiment as in Fig.  8 is surface membrane resistance times cm 2 and C m is surface membrane capacity per cm 2 . An unchanged r m of the normoxic surface membrane would be expected if neither membrane resistance nor membrane capacitance of the surviving part of the bundle undergo changes as a result of demarcation.
Discussion
An in vitro model is presented which demonstrates the various stages of demarcation between a hypoxic and a normoxic region of a papillary muscle.
The Early Stages: Mutual Interactions
During the early stages of hypoxic injury, triangular action potentials within the hypoxic region prolonged and elevated, while action potentials in the adjacent normoxic region shortened (Fig. 2) . This is consistent with the idea that neighboring parts of the cellular surface membranes interact if different time courses exist for their respective action potentials. However, a necessary condition for current to flow between regions of different membrane potentials is the presence of low-resistance junctional pathways. The kind of interactions demonstrated here by artificially creating different surface membrane properties are known to exist normally in certain regions of the heart. One such example concerns the atrioventricular (AV) node (Hoffman et al., 1958) . The gradual change of its properties can be accounted for largely by electrotonic interaction between the typically nodal cells and both atrial and His bundle tissue (Kokubun et al., 1980) . Another example of natural electrotonic interaction is the shortening of the terminal Purkinje fiber action potentials as the sites of contact with ventricular muscle are approached (Meyerburg et al., 1970) . When freed from ventricular fibers (which have a much shorter action potential), the action potentials of terminal Purkinje fibers lengthen (Mendez et al., 1969) . Analogously, when the central part of the AV node is freed from its connections with atrial and His bundle tissue, these cells become spontaneously active (Cranefield, 1983) . Essential to all of these interactions between cells with different membrane properties is the presence of relatively low junctional resistances linked with relatively high surface membrane resistances. Appreciable electrotonic interactions result if surface membranes with different properties are separated by a distance on the order of one space constant.
The Metabolic State: Longitudinal and Radial Transitions
The gradual nature of decoupling also was supported by the time course and the longitudinal distribution of NADH fluorescence (Fig. 5) . While decoupling proceeded, the region demonstrating adequate metabolism extended approximately 300 ^m (~3 cell lengths) into the part of the bundle supeTfused by hypoxic solution. This agrees well with an observation reported for rabbit heart under conditions of local ischemia. Simson et al. (1979) ligated a branch of a coronary artery and demonstrated metabolically viable tissue for distances of 250-350 jim beyond the region irrigated by an intact microcirculation. These findings suggest that highly permeable junctional membranes allow cell-to-cell diffusion of metabolites into compromised tissue ['metabolic collaboration* (Gilula et al., 1972) ].
In the radial direction, a gradient of O 2 tension is expected to exist between the bulk solution, surface fibers (from which electrical records were obtained), and fibers deeper within the bundle (for discussion of the general problem, see Tsacopoulos et al., 1981) . Decoupling may well exist within the bundle even when surface regions remain coupled. Baumgarten et al. (1981) described heterogeneity of surface cell parameters in guinea pig papillary muscles when bulk P02 was maintained at 40 mm Hg. There was no evidence for such heterogeneity in the present series of experiments but this may have been due to the special precautions undertaken to keep the P02 low in the bulk solution (<10 mm Hg).
The Appearance of Decremental Conduction
One of the consequences of hypoxia is a drop in resting potential. The invading action potentials may still propagate in an all-or-nothing manner if sufficient inward current is provided by the 'slow* and nonspecific Ca ++ -Na + channel (supposedly illustrated by Fig. 3a) . Alternatively, they may conduct with decrement (Fig. 3c) or as electrotonic humps (Fig. 4) . The conditions for an action potential to propagate safely along a cable are difficult to define precisely. Decremental conduction is expected when the inward membrane current available upon depolarization falls below a critical value. However, this critical value depends upon the entire "instantaneous* current-voltage relation, the nature and extent of cellular interactions, as well as of the kinetic properties of all membrane channels involved (see Noble, 1966) .
Decremental conduction occurs whenever membrane resting potential and, hence, inward current decrease. For instance, premature atrial impulses are known to propagate decrementally when they arise in a region of short membrane action potential and invade a normal region at a time when recovery within the latter is not complete (Allessie et al., 1976) . The phenomenon also is observed in canine Purkinje fibers when fast inward current is largely suppressed by ion-free sucrose solution (jalife and Moe, 1981) and when ventricular trabeculae are partially depolarized by KG (Rozanski et al., 1984) .
Final Demarcation
At the end of 50-90 minutes of hypoxia, a sharp boundary was established between the normoxic and hypoxic muscle surfaces. This conclusion was supported (1) by the block of mutual electrotonic interaction at rest and during activity, (2) by the step-like fall in resting potential, (3) by the evolution of unipolar electrograms near the borderline, (4) by the alterations in the spatial decay of electrotonic potentials that indicated a "sealed end" for the 'cable* in normoxic solution, and (5) by two distinct metabolic states suggested by the sharp boundary of autofluorescence. It seems reasonable to assume that the progressive establishment of the boundary during decoupling results from decreased cell-to-cell conductance (Wojtczak, 1979 ) which, in turn, might be consequent to cytoplasmic calcium accumulation (De Mello, 1975 , 1979 . A partial effect of low intracellular pH on cell coupling appears likely, but probably is of minor quantitative importance (Reber and Weingart, 1982) . Judging by all criteria used in the present study, the transition between "surviving" and "perishing" tissue is gradual during the uncoupling process, but extremely sharp when demarcation is complete.
The possible existence of a "border zone" of intermediate injury during regional ischemia has spurred considerable controversy. Recent work has led to the conclusion that the boundary of an ischemic Circulation Research/Vol. 56, No. 6, June 1985 region may well corrtppond to the boundary of a single cell, not excluding the survival of islets of cells with sharp boundaries within perishing tissue [NADH fluorescence (Harken et al., 1978; Hearse et al., 1981) ; histological techniques (Factor et al., 1978; Kleber et al., 1978) ]. The present results contribute strong evidence in favor of a sharp boundary when demarcation is complete, and appear to exclude the existence of surviving islands at the bundle's surface. They also show that surviving tissue maintains its typical values for intercellular resistance and membrane time constant, in spite of its immediate proximity to perishing tissue.
